INTRODUCTION {#sec1-1}
============

Traumatic brain injury (TBI) has recently been recognized as the silent, signature wound of the wars in Iraq and Afghanistan.\[[@ref1]\] From 2000 to 2010, approximately 1.6 million service members have been deployed to date in Iraq and Afghanistan. During this time period almost 179,000 service members sustained a TBI with the vast majority, about 137,000 of those being classified as mild in terms of severity.\[[@ref2]\] In the United States, TBIs are also common in the civilian population, with an estimated 1.7 million civilians sustaining a mild to moderate TBI annually where approximately 75% of these injuries are classified as mild TBI (mTBI).\[[@ref3]\] Therefore, even a slight improvement in the diagnostic and neuroprotective strategies will have significant health implications.

The mild--moderate closed head trauma is initiated by the impact of the brain against the inner side of the calvarium. Subsequently, there begins a series of complex biochemical, cellular, metabolic, and physiological injury cascade that may take longer to complete complete.\[[@ref4][@ref5]\] These mild--moderate brain injuries are invisible from the outside, but the cognitive deficits, including memory impairment, are common neurological consequences of TBI and the underlying mechanisms are poorly defined.\[[@ref6]\] The hippocampus is one of the key regions of the brain responsible for learning and long-term memories. Both clinical and experimental evidence suggest that long-term effects of mTBI cause hippocampal neuronal cell death, which is associated with cognitive impairment.\[[@ref7]\] Lateral fluid percussion injury (FPI) in rodents replicates several clinically relevant features of human TBI. It has been widely used in the investigation of biochemical and pathological responses observed in human closed head injuries.\[[@ref8]\]

The growing evidence suggests the important role of mitochondria in the progression of TBI and a subcellular target for neuroprotective strategies.\[[@ref9]\] Following TBI, excessive release of the neurotransmitter glutamate can result in mitochondrial dysfunctions by causing a toxic influx of calcium into brain cells. Mitochondrion has its own DNA (mtDNA), which encodes only 37 genes: 13 for various subunits of electron transport chain complexes I, II, III, IV, and V; 22 mt genes for mitochondrial tRNA and remaining 2 genes encodes rRNA. Most mitochondrial proteins including those for electron transport chain enzymes to produce cellular ATP, cell signaling, and apoptosis are encoded and/or regulated by nuclear DNA. In comparison to nuclear DNA, mtDNA is very sensitive to oxidative damage due to lack of histones.\[[@ref10]--[@ref16]\] Therefore, any damage to mtDNA will have grave consequences on the depletion of cellular ATP, increase free radicals, DNA damage, and neuronal cell death, which is observed in clinical and experimental TBI.\[[@ref1][@ref9]\] To our knowledge, neuronal-targeted expression profiles of mitochondria-focused genes have not been examined as a potential therapeutic target for mTBI. To date, methods employing a systems biology approach to identify the mitochondria-focused genes in the hippocampus underlying the pathogenesis of TBI have also not been documented.

In this study, we have examined the neurobehavioral and histochemical response to the brain injury, and analyzed the mitochondria-focused oligo-DNA microarray to determine the expression profile of mitochondria-focused genes in the hippocampus of rats with TBI induced by lateral fluid percussion injury.

MATERIALS AND METHODS {#sec1-2}
=====================

Adult, male Sprague--Dawley rats (225--275 G, Harlan, Frederick, MD, USA) were pair housed in standard polycarbonate shoebox cages (42.5 × 20.5 × 20 cm) with hardwood chip bedding (Pine-Dri) in an environmentally controlled animal facility under a 12-h reverse light-dark cycle. Food (Harlan Teklad 4% Mouse/Rat Diet 7001) and water were available *ad libitum*. Rats were left to acclimate for 1 week to the vivarium before use. All procedures were performed to National Institutes of Health (NIH) guidelines and were approved by the Institutional Animal Care and Use Committee (IACUC). A total of 12 animals/group were included in this study. All animals had neurobehavioral evaluation. Hippocampi from three animals/group were used for hematoxylin and eosin stain (H and E staining) (total six animals), and three animals from each group had mitochondrial genetic profile mapped (total six animals). Remaining tissues were stored for further analysis.

Instrumentation and induction of fluid percussion injury {#sec2-1}
--------------------------------------------------------

Mild injury was induced in rats according to our published procedure.\[[@ref17]\] In brief, animals were anesthetized with 1--3% isoflourane in oxygen. Under sterile conditions, a 3 cm sagittal incision was made along the midline to expose the cranium. A 5 mm burr hole was placed 2 mm to the right of the sagittal suture halfway between bregma and lamda using a 5 mm trephine drill bit exposing the dura. A Luer-Loc needle hub was placed into the burr hole and cemented to the cranium using cyanoacrilate. The glue was allowed to completely dry, and the empty Luer-Loc hub was filled with normal saline before being connected to the TBI device. A fluid percussion pulse of 2.0--2.5 atm was administered by an injury cannula positioned parasagittally over the right cerebral cortex. The fluid percussion pulse was administered by a pendulum modulated fluid percussion biomechanical device (Richmond, VA, USA), the Luer-Loc hub was removed and defects in the cranium were repaired with bone wax. The skin was then closed with a surgical skin stapler. Animals were allowed to stabilize in the warm blanket and then returned to their cages and moved to the animal facility at the Uniformed Services University of the Health Sciences. At 7 days post TBI, animals were anesthetized, and brains were removed followed by the dissection of hippocampus. Hippocampi were dissected according to the method described by Jacobowitz and modified by Hefner *et al*.\[[@ref18][@ref19]\] The consistency of the hippocampus region of the brain was confirmed by measuring the regional specific protein levels, which were in the range of 10.8-11.2 mg/ml in all the animals examined. Simultaneously, animals in the naïve control group were also housed in the same environmental conditions. These naïve animals were time matched and did not receive any brain injury. Seven days postinjury (day 7), TBI and naïve animals were sacrificed. The hippocampi from the right side of the brain of three animals per group were used for RNA isolation and subsequent gene profiling.

Animal behavioral measures {#sec2-2}
--------------------------

Behavior was observed during the animals' dark cycle. Behaviors were measured prior to injury (baseline) and at two time points during the week after injury (3 days post TBI = T1; 5 days post TBI = T2). Behavioral measures included the neurological severity scale--revised (NSS-R) to measure neurobehavioral responses. The NSS-R is a series of 10 specific behavioral measures\[[@ref20]\] based on several neurological severity scales (NSS) designed for rats.\[[@ref21]--[@ref24]\] The NSS-R measures motor, sensory, and reflex responses. The NSS-R was scored by an experienced rater who was previously trained until reaching high inter-rater reliability with other independent raters. Each response was scored from 0--2, where 0 = normal response, 1 = partial and/or compromised impairment, and 2 = lack of ability to perform the task. A composite score was calculated (0--20), where the higher the score indicates more neurobehavioral impairment. The testing was conducted using two empty polycarbonate cages (46 × 36 × 20 cm) with no bedding or lid. The equipment was cleaned between each animal.

Immunohistochemistry {#sec2-3}
--------------------

One week postinjury, a subset of three animals per group were subjected to formalin perfusion and immunohistochemistry as described previously.\[[@ref17]\] Briefly, rats were deeply anesthetized with isoflurane inhalational anesthesia perfused transcardially with 400 ml of 4% fresh depolymerized paraformaldehyde in phosphate buffered saline (Fisher Scientific) using a peristaltic pump at a flow rate of approximately 60--80 ml/min. Brains were carefully dissected, and postfixed in 4% paraformaldehyde for 1 day. The tissues were cryoprotected by sequential passage through 10%, 20%, and 30% sucrose in phosphate buffered solution (PBS) for 1 day each. Tissues were kept in 30% sucrose at 4°C until used. The brains were rapidly frozen and 10--20 μm coronal sections were cut in a cryostat set at a temperature of-20°C. Sections collected on treated slides were stained with H and E to determine a broad range of cytoplasmic, nuclear, and extracellular matrix features. Hematoxylin has a deep blue-purple color and stains nucleic acids, while eosin is pink and stains proteins nonspecifically. In a typical tissue, nuclei are stained blue, whereas the cytoplasm and extracellular matrix have varying degrees of pink staining.

RMNchip {#sec2-4}
-------

High quality rat mitochondrion-neuron focused microarrays (rMNChip) were designed and fabricated as described previously.\[[@ref15]\] Briefly, rMNChip contains 1,500 genes including 37 mitochondrial DNA (mtDNA)-encoded genes, 1,098 nuclear DNA (nDNA)-encoded and mitochondria-focused genes, and 365 neuron-related genes. The oligonucleotides for genes and positive (80 housekeeping genes) and negative (no rat DNA) controls on rMNChip were printed, each in triplicates, onto the N-hydroxysuccinimide ester reactive groups-coated glass slides. rMNChip microarrays were fabricated in the Class 100 super-clean environment as described previously.\[[@ref15]\]

RNA isolation and purification {#sec2-5}
------------------------------

Each sample of total RNA was purified from hippocampi collected in a RNA tube and processed using the RNA Kit (PAXgene RNA Kit, 762164, QIAGEN, USA) following the manufacturer\'s instructions.

Microarray hybridization {#sec2-6}
------------------------

One microgram RNA per sample was used for Cy5-dUTP labeling of cDNA by use of the express array detection kit (3DNA Array 900, Genisphere, Hatfield, PA, USA) following the manufacturer\'s instructions. Slides were scanned using 5 micron resolution and LOWESS method with Scan Array Microarray Scanner (PerkinElmer). Triplicate microarray experiments were performed for each and every RNA sample. Thus, the RNA level of each and every gene was measured as many as nine times. The background-subtracted mean values of the measurements were used for microarray data analysis. All microarray experiments were performed in the same laboratory of Gen Pro Markers, Inc.\[[@ref15]\]

Microarray database, bioinformatics and systems biology {#sec2-7}
-------------------------------------------------------

Gene expression database was constructed using FileMaker software (FileMaker Pro, Inc., Santa Clara, CA, USA). Database construction, data filtering, and selection were performed as described previously.\[[@ref10][@ref15]\] The quantile normalization method\[[@ref25]\] in software R version 2.7.1 (the R Foundation for Statistical Computing) was used to normalize microarray data. The normalized data was used to cluster and visualize genes and hippocampus tissue samples by using software Cluster version 3.0 and the resulting heat map was visualized by using MapleTree software (<http://rana.lbl.gov/EisenSoftware.htm>). Gene information including identification numbers, official symbols and full names were updated using the National Center for Biotechnology Information (NCBI) database (www.ncbi.nlm.nih.gov/gene). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were computed using DAVID Bioinformatics Resources (<http://david.abcc.ncifcrf.gov>).

Statistics {#sec2-8}
----------

The quantile normalization method in software R/Bioconductor version 2.7.1 (The R Foundation for Statistical Computing) was used to normalize data. Statistical calculations were performed on triplicate spots per gene and triplicate array experiments using XLSTAT 2006 (XLSTAT, New York, NY, USA). The moderated *P*-values and false discovery rate (FDR) for multiple statistical testing with Benjamini and Hochberg methods were calculated with DAVID Bioinformatics Resources version 6.7 (<http://david.abcc.ncifcrf.gov>). Differentially expressed genes were identified arbitrarily by ≥1.4-fold change in the average expression of the background-subtracted mean intensity ratios of a gene between TBI and naïve rats, with *P*-value \< 0.05. Repeated measures analysis of variance (rANOVA) were conducted for the NSS-R (*N* = 24). All tests were two tailed using alpha = 0.05.

RESULTS {#sec1-3}
=======

Effects of TBI on neurological severity scale - revised {#sec2-9}
-------------------------------------------------------

[Figure 1](#F1){ref-type="fig"} presents the NSS-R scores. There were no differences in NSS-R scores between experimental groups at baseline. Post TBI, the TBI rats (5.58 ± 0.48) had significantly greater NSS-R scores compared with the naïve rats (3.92 ± 0.48), F(1, 22) = 5.93, *P* = 0.023, η^2^ = 0.212. Additionally, the TBI rats (5.42 ± 0.50) had significantly greater scores than the naïve rats (3.25 ± 0.50) at T2, F(1, 22) = 9.23, *P* = 0.006, η^2^ = 0.295. This finding suggests that TBI rats suffered more neurological impairment than the naïve rats.

![Effect of TBI on neurological severity score-- revised (NSS-R): Neurological severity is determined using a 10-item test with a score of 0, 1, or 2, given on each task. A greater score for a rat indicates more neurobehavioral impairment. All animals were evaluated at baseline (BL), day 3 (T1) and day 5 (T2) postinjury. Time matched naïve animals were also evaluated at BL, T1 and T2 time period. ■ *P* \< 0.05, naïve compared with TBI at T2, ♦ *P* \< 0.05, differed from BL (either T1 or T2)](IJCIIS-2-172-g001){#F1}

Hematoxylin and eosin staining {#sec2-10}
------------------------------

[Figure 2](#F2){ref-type="fig"} depicts the H and E immunosatined brain section from TBI and naïve rats. In comparison to naïve rats \[[Figure 2a](#F2){ref-type="fig"}\], the injured brain section \[[Figure 2b](#F2){ref-type="fig"}\] is showing the hippocampal commissure, which is the anterior part of the white matter of the hippocampus, and is inverted v shaped fiber bundle at the center of the tissue. Obvious histological injury is only on the cortex, which is at the right upper part of the 'TBI' section on the cortex. A breach in the surface of the cortex and an increase in hematoxylin stained (blue) nuclei 'newer' cells in the lesion suggest a minor injury on the surface and possibly the healing process through the generation of new cells.

![(a,b) Histochemical examination of TBI: Comparison of hematoxylin and eosin staining in brain sections obtained from naïve and post TBI. In comparison to naïve, the histological injury is only seen as a breach in the surface of the cortex, which is at the right upper part of the TBI](IJCIIS-2-172-g002){#F2}

Expression levels of 1,448 of 1,500 mitochondrion-neuron focused genes are informative {#sec2-11}
--------------------------------------------------------------------------------------

Expression clusters of mitochondria-focused genes were obtained from both TBI and naïve groups of animals. Total RNA samples were extracted from the hippocampus of rats with or without TBI and labeled for triplicate microarray experiments using our recently developed rMNChip. To avoid misclassification, each of 1,500 genes on rMNChip was measured nine times (three identical probes per microarray and three microarray experiments per specimen), which generated reliable expression data for further analysis. The microarray data of spots across all gene chips used for RNA samples were filtered by uniform statistic and bioinformatic criteria described previously,\[[@ref10]\] which generated 1,448 genes with informative expression data. [Figure 3](#F3){ref-type="fig"} shows the box plots of RNA levels of 1,448 genes before and after the data normalization. The normalized data were used for unsupervised clustering analysis and identification of differentially expressed genes.

![Box plots of expression data before and after normalization: The quantile normalization algorithms were used to adjust the values of the background-subtracted mean pixel intensities of triplicate measurements per microarray for each and every set of 1,500 genes. The expression levels of each of 1,500 genes in most of these hippocampus samples of six rats with or without TBI were measured by microarray experiments with both technical triplicates and experimental triplicates. In contrast to the prenormalization boxplots (top panel), the postnormalized box plots distribute in the same intervals with the same density center, indicating successful adjustment of data. The postnormalized data were used for further analysis](IJCIIS-2-172-g003){#F3}

Expression patterns of 235 and 105 genes in hippocampus differentiate mTBI from naïve rats {#sec2-12}
------------------------------------------------------------------------------------------

By using ≥1.25-fold change in the average expression of the background-subtracted mean intensity ratios of a gene between TBI and naïve as criteria, 235 of 1,448 informative genes in the hippocampus are able to differentiate mTBI from the naïve rats based on the unsupervised cluster analysis \[Figure [4a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"}\]. By increasing the stringency to ≥1.60-fold changes, the patterns of 105 genes differentiate mTBI from the naïve rats with much clear cluster results \[[Figure 4c](#F4){ref-type="fig"}\].

![Dendrogram and heat maps of 235 gene expression in hippocampus of rat model of traumatic brain injury (TBI) and naïve. The dendrogram of unsupervised cluster of three TBI and three naïve (a) and (b) based on expression similarities of 235 rat mitochondria-neuron genes. (c) The dendrogram of upsupervised cluster of the same samples based on expression similarities of 105 genes. These heat maps classifies the hippocampus tissue samples into two groups. (d) Color map and fold changes indicated. Green: Down-regulation; red: Up-regulation; black: No change](IJCIIS-2-172-g004){#F4}

Identification of 10 canonical molecular pathways with a significant number of dysregulated genes {#sec2-13}
-------------------------------------------------------------------------------------------------

By applying differentially expressed genes to the NCBI DAVID Bioinformatics Resources, we identified 10 canonical molecular pathways including Alzheimer\'s disease, mitogen-activated protein kinase (MAPK) signaling, Parkinson\'s disease, apoptosis, oxidative phosphorylation, Huntington\'s disease, amyotrophic lateral sclerosis, long-term potentiation, peroxisome proliferator-activated receptors (PPARs) signaling, and vascular endothelial growth factor (VEGF) signaling pathways \[[Table 1](#T1){ref-type="table"}\].

###### 

Pathways with a significant number of dysregulated genes in rat traumatic brain injury hippocampus

![](IJCIIS-2-172-g005)

DISCUSSION {#sec1-4}
==========

The aim of this translational study was to examine the expression profiling of mitochondria-focused genes in the hippocampus of a rodent TBI model: To identify the gene clusters, the pathways related to either diseases or to related signal transduction pathways. These pathways are indicated as possible therapeutic targets for TBI. In this study we also searched for changes at individual gene expression level, which potentially may serve as a therapeutic target for the treatment of TBI and associated neurodegenerative diseases.

The rat model of lateral fluid percussion injury is one of the most accepted animal model to replicate human TBI in terms of biochemical and metabolic pathways.\[[@ref26]\] However, in this rat model, it is difficult to diagnose the severity of brain injury because animals are anesthetized at the time of injury. Therefore, the level of consciousness cannot be used as the measurement of brain injury severity. However, we have compared the NSS-R scores prior to injury and then 3 and 5 days post TBI. Baseline scores were similar between groups, but by 3 and 5 days post TBI, the TBI animals had almost a 2-fold increase in their NSS-R score that remained elevated over both time points. This suggests an impaired neurobehavioral function similar to mild-moderate TBI in humans. Our H and E stained brain sections did not show any gross and/or histological damage in the hippocampus except a slight tissue distortion at the point of impact suggesting a mild TBI. FPI induces both focal and diffuse axonal injury, which often results in the failure of cellular metabolism and neuronal cell death. Therefore, we have compared the neuronal focused mitochondrial genes in the hippocampus of injured and naïve animals due to its key role in cognitive functions.

The advent of high-throughput genomics, such as gene microarrays, has led to an unprecedented surge of cross-disciplinary work between biology and statistics. However, quality assessment of microarray data is an important and often challenging aspect of gene expression analysis. The application of machine-learning techniques (also known as pattern-recognition techniques) to large biological data sets has been used to identify groups of functionally related genes,\[[@ref11]\] to predict broader biological phenotypes and genetic interactions,\[[@ref27]\] and to diagnosis post-traumatic stress disorder (PTSD).\[[@ref14]\] Since the algorithmic basis of clustering, the application of unsupervised machine-learning techniques to identify the patterns inherent in a data set, is well established, we have used this approach in this current study. Unsupervised techniques are exploratory. It lets the data organize itself, and then we try to find biological meaning. This approach is to understand whole data and produce a visualization of the data. Briefly, like the methods used in other research areas, we first quantified the scanned image into numeric data amenable to statistical analysis. We filtered the raw data set, all spots across all gene chips of 16 rats (TBI and naïve) by removing the high-noise and low-signal spots. After that, we normalized the data to remove spatial variability, channel imbalances and inter array heterogeneity \[[Figure 3](#F3){ref-type="fig"}\]. Then, we were able to use the cluster approaches to identify broad patterns. Using this approach we were able to produce a visualization of the data, hierarchical clustering. Our hierarchical clustering generated dendrograms demonstrated up- and downregulated gene clusters in all rats, including TBI and naïve \[[Figure 4](#F4){ref-type="fig"}\]. These unsupervised analysis data indicated grouping of genes having similar expression patterns or clustering. The approaches are based on the assumption that the whole set of microarray data is a finite mixture of a certain type of distributions with different parameters. Application of the model-based algorithms to unsupervised clustering has been reported in PTSD study.\[[@ref14]\] We hypothesize that unknown gene X is similar in expression to known genes A and B, or they are involved in the same/related pathway.

In a complex disorder such as mTBI, clustering a variety of risk factors can improve predictive value. Integrative biomarkers can be developed through superposition of mRNA. Clustering can prioritize functionally plausible candidate genes. Clustering aggregates information from multiple loci into association scores for pathways\[[@ref28]\] and informs drug development by predicting therapeutic gene targets. Clustering can also identify pathways affected by an existing drug, either to predict the mode of action or suggest drug repurposing in which drugs developed for known disorders can serve as a new compound for TBI. Based on the unsupervised cluster results, 10 networks of dysregulated genes involved in neuron function and neurological disorders were identified and presented in [Table 1](#T1){ref-type="table"}. These pathways are involved in several networks related to neuronal disorders, such as Alzheimer′s, Huntington, and Parkinson\'s diseases. Our results also provide an important direction to monitor the TBI patients for these neurodegenerative disorders as a consequence of delayed traumatic brain injury due to progressive mitochondrial damage.\[[@ref4][@ref7][@ref29]\]

In addition to the identification of mitochondrial genes for the neurodegenerative disorders, we have also documented several genes responsible for altered metabolic pathways, signaling and apoptotic pathways in TBI rats compared with naïve animals. Therefore, an orchestrated mitochondrial genes network and pathways mechanisms identified in TBI \[[Table 1](#T1){ref-type="table"}\] may also serve as future blood-based mitogenetic biomarkers for TBI.

Limitations of the study {#sec2-14}
------------------------

The data obtained from three samples in each group is the bare minimum number allowing calculation of standard deviation and statistical significant difference permitting the comparison between TBI and control group. Although a larger sample size would strengthen this paper significantly, this small sample size is also the starting point for a pilot study to determine the reliability and validity of our mitochondrial focused gene-profiling data in response to TBI. This study will also allow us to estimate the sample size for a larger-scale study.

In this study, we have used naïve animals without craniotomy or anesthesia as control group. Our study also raises the question of the appropriate use of control animals for TBI induced by FPI that requires the craniotomy. In a recent study by Cole *et al*. (2011), craniotomy alone results in traumatic brain injury with morphological, biochemical, and behavioral correlates.\[[@ref30]\] In addition, the significantly increased expression in cytokines after craniotomy alone can initiate numerous secondary cascades similar to the posttraumatic changes in brain physiology. Therefore, due to the diverse nature of injury caused by craniotomy procedures, it may be ben eficial to avoid this procedure as a control group and use naïve animals as controls.

CONCLUSION {#sec1-5}
==========

Our data suggest that mitochondria-mediated cellular and molecular response to TBI is essential for the cell survival and in prevention of long-term neurodegenerative disorders associated with brain injury. Our findings also suggest that mitochondria-focused and TBI-responsive genes may play a key role in the pathogenesis of TBI. Meanwhile, the identification and validation of the dysregulated genes enhances our understanding of the cellular and molecular mechanisms underlying the pathophysiology of TBI. We expect more studies to test the clinical utility of mitochondria-focused genes as therapeutic targets for the treatment of TBI.

Analysis of significantly dysregulated genes in the hippocampus of TBI rats suggest that several pathways responsible for mitochondrial metabolic derangements, cell signaling and apoptosis were affected when compared with control animals. These dysregulated genes in TBI were also found to be associated with certain neurodegenerative disorders.
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